In most existing theories for iron-based superconductors, spin-orbit coupling (SOC) has been assumed insignificant. Even though recent experiments have revealed an influence of SOC on the electronic band structure, whether SOC fundamentally affects magnetism and superconductivity remains an open question. Here we use spin-polarised inelastic neutron scattering to show that collective low-energy spin fluctuations in the orthorhombic (or "nematic") phase of FeSe possess nearly no in-plane component. Such spin-space anisotropy can only be caused by SOC. It is present over an energy range greater than the superconducting gap 2∆sc and gets fully inherited in the superconducting state, resulting in a distinct c-axis polarised "spin resonance". Our result demonstrates the importance of SOC in defining the low-energy spin excitations in FeSe, which helps to elucidate the nearby magnetic instabilities and the debated interplay between spin and orbital degrees of freedom. The prominent role of SOC also implies a possible unusual nature of the superconducting state.
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Spin-orbit coupling (SOC) is a fundamental interaction in solids due to the relativistic motion of electrons. The effect of SOC is expected to be pronounced in the presence of heavy elements, whereas its relevance to the iron-based superconductors has thus far been assumed insignificant in most theoretical treatment. This assumption has led to a separation of ideas, in particular those attempting to explain the formation of superconductivity [1] [2] [3] and nematic order [4] [5] [6] [7] [8] [9] [10] into "spin" and "orbital" camps. Indeed, in the presence of SOC, neither the spin nor the orbital angular momentum remains a good quantum number, hence any collective electronic behaviour would have to be considered as a consequence of the joint interactions involving both.
Recent angle-resolved photoemission spectroscopy (ARPES) experiments have demonstrated the presence of SOC in iron-based superconductors, via the observation of electronic band splitting at the Brillouin zone (BZ) center in the tetragonal phase [11] [12] [13] . The affected quasiparticle states can be expected to have spin structures that will give rise to spin-space anisotropy (SSA) in the magnetism, if the essence of the magnetism can be captured by an itinerant (spin-density-wave-like) description [14] . Indeed, an energy gap related to SSA has been observed by inelastic neutron scattering (INS) in pnictide parent compounds [15] with long-range stripeantiferromagnetic order. Spin-polarised INS experiments [16, 17] have further shown that the SSA is "XY Z" (orthorhombic) rather than "XXZ" (tetragonal), which suggests that the orbital structure in the nematic phase might be its origin [16] . However, since the nematic order is closely accompanied by magnetic order in the pnictides, it remains unclear whether the SSA depends on the presence of the nearby magnetic order. Moreover, much of the INS results obtained in the magnetically ordered state have only been discussed under a local-moment description of the magnetism with phenomenological singleion anisotropy [16, 17] . In order to assess the influence of SOC on the magnetism at a more fundamental level, in particular using an itinerant description in conjunction with the ARPES results, it is highly desirable to study SSA in a system that has no magnetic order.
FeSe offers an ideal opportunity for this purpose, since it has nematic order below T s ≈ 90 K but no magnetic order down to the lowest temperature [18] . Figure 1a displays the crystal and Fermi surface (FS) structure of FeSe in the nematic phase [19] , along with leading Fe 3d orbital characters (xy, xz and yz) of quasiparticle states on the FS. Throughout our presentation, we use the 4-Fe unit cell, for which the BZ is shown by the dashed lines in Fig. 1a . The centers of the hole and electron pockets are connected by two-dimensional wave vectors (1, 0) and (0, 1) in reciprocal lattice units (r.l.u.).
Our spin-polarised INS experiment was carried out on the 4F1 triple-axis spectrometer at the Laboratoire Léon Brillouin, Saclay, France (the instrument configurations are described in the Supplementary Information). Over four hundred single crystals of FeSe (Fig.  1b) were used for this study, with a total mass of about 3.5 grams. They were grown with a chemical-vapourtransport method and co-aligned within 6
• mosaicity in the (H, K, 0) scattering plane on aluminium plates using a hydrogen-free adhesive. Due to the heavy loss in incident flux and detection efficiency associated with current polarised-neutron techniques, very long measurement time (3 hours or more per data point) was required to acquire satisfactory statistical accuracy. The quality of spin polarisation in a neutron scattering experiment can be quantified by the flipping ratio, defined here as the ratio between intensities measured in non-spin-flip and spin-flip geometries on strong nuclear Bragg peaks. The flipping ratio in our experiment is about 16 for all neutron spin polarisations (Fig. 1c) . Because the spin polarisation is maintained by a guide magnetic field (∼ 10 Oe) throughout the beam path, the beam can be partially depolarised if the guide field changes abruptly, such as at the sample surface when the sample is in a diamagnetic (Meissner's) state below T c . This offers a method to measure T c for the entire sample array. To do this, the sample was cooled below T c in a guide field so that it contained trapped vortices, and then the guild field direction was rotated by 90
• . The flipping ratio was reduced to ∼ 6 after the guide-field rotation and was measured upon warming up the sample (Fig. 1c) , with a recovery to its original value at T c . The superconducting critical temperature, T c ≈ 8.3 K (Fig. 1c) , and the nematic transition temperature, T s ≈ 88 K (Fig. 1d) , were determined on selected crystals by magnetic susceptibility and resistivity measurements, respectively, as well as on the entire sample by neutron scattering methods. Previous unpolarised INS studies on FeSe [4, 20] , have uncovered strong magnetic signals at Q = (1, 0, 0) below T s and a spin resonance at 4 meV below T c . For INS samples which are typically twinned, the same scattering signal can be expected at Q = (0, 1, 0), as depicted in Fig. 2a . For convenience, we keep the notation Q = (1, 0, 0), and the nominal b direction should be understood as within the FeSe plane and perpendicular to Q. As illustrated in Fig. 2b , INS only detects spin fluctuations in directions perpendicular to Q, i.e., along b (M b ) and c (M c ) for Q = (1, 0, 0). By analysing the neutron-spin dependence of the scattering signal, we are able to determine these two components separately. Most of our data were obtained in spin-flip channels with the incoming neutron spin along Q (SF Q ), b (SF b ), and c (SF c ) directions, which detect the M b + M c , M c , and M b components, respectively, on top of a common background (BG).
Figure 2c displays constant-energy scans at 2.5 and 4.0 meV, performed at 10 K along a trajectory shown in Fig. 2a . A clear commensurate peak is seen in the SF Q channel, consistent with previous unpolarised INS results [4] . If the scattering is isotropic in spin space, the signal should be equally distributed in the SF b and SF c channels, which is clearly not the case. By comparing data obtained in the three different channels, we are able to determine the BG intensity (see Supplementary Information), which we plot in Fig. 2d together with raw data from energy scans measured at fixed Q = (1, 0, 0) . We find that the intensities in the SF Q and SF b channels are nearly equal over the entire measured energy range 2.5 meV ≤ E ≤ 8 meV. This means that the SF c intensity is mostly BG, and that the magnetic signal is dominated by its M c component.
By measuring only at Q = (1, 0, 0), we are nominally not sensitive to the M a component (Fig. 2b) . For a twinned sample below T s , however, we simultaneously detect magnetic signals from the two nematic domains, which is equivalent to detecting physical signals from both Q 1 = (1, 0, 0) and
. If low-energy spin excitations are controlled by FS nesting [14] , we believe that the overall intensity difference between Q 1 and Q 2 is not large, because the orbital characters and quality of FS nesting are very similar (Fig. 1a) . Our result hence indicates that the low-energy spin excitations have nearly no in-plane components (M a and M b ).
We present in Fig. 3 the evolution of spin fluctuations with temperature. In the tetragonal phase, the overall intensity is weak and the data are consistent with an isotropic distribution of scattering signals in M b and M c . Upon cooling into the nematic phase, a strong enhancement is found in M c but not in M b . Upon further cooling below T c , the magnetic spectral weight rearranges itself into a spin resonance [4] at 4 meV. Our data unambiguously show that the resonance is essentially fully c-axis polarised (Fig. 3d) .
It is revealing to compare our results to SSA observed in other unconventional superconductors. We begin by noting that spin excitations at the lowest energies in magnetically ordered pnictides [16, 17] are dominated by M c , because M c has a smaller energy gap than M b and M a . Somewhat reduced but non-zero SSA has been observed on the spin resonance in doped pnictides [21, 22] , also with larger spectral weight in M c than in M b . Our observation of qualitatively similar but more pronounced SSA in paramagnetic FeSe suggests that, contrary to previous conjectures [21, 22] , the SSA is unrelated to the stripe-antiferromagnetic order, but directly follows from the orbital structure associated with the nematic phase. The fact that FeSe exhibits the most clear-cut SSA on the spin resonance is likely a joint consequence of strong SOC and the unique electronic structure of FeSe: both the Fermi energy [23] and the superconducting gap 2∆ sc are small [13, 23, 24] , compared to 8 meV up to which we are able to detect the SSA.
The observed SSA can be qualitatively understood using an itinerant description of the magnetism, with reasoning similar to that for Sr 2 RuO 4 . Low-energy spin fluctuations in Sr 2 RuO 4 also have a leading c-axis component [25] , which can be attributed to the ruthenium d xz and d yz orbital character of quasiparticle states that are most involved in FS nesting [26] . The same applies to FeSe: the quasiparticle states closest to the Fermi level near the Γ and M' points (Fig. 1a) are of predominant Fe d xz and d yz orbital character [19, 27] . In the limits of pure d xz /d yz orbital character and strong atomic SOC, the low-energy electronic states around both the hole and electron pockets will be |xz + i · yz,↑> and |xz −i·yz,↓>. The matrix elements of in-plane spin components between these states vanish (see Supplementary Information). For both FeSe and the pnictides [16] , it remains a theoretical challenge to explain the fact that SSA becomes more pronounced in the nematic state, in which the splitting between d xz and d yz orbitals is generally expected to weaken the above spin-orbital entanglement.
Our result has important implications on the magnetism in iron-based superconductors. Characteristics of low-energy spin excitations are usually linked to the nature of nearby magnetic instabilities. While spin fluctuations near (1, 0) indicate the presence of magnetic interactions in FeSe that are in favour of stripeantiferromagnetism [4, 20] , the fact that these fluctuations are predominantly c-axis oriented implies that the leading magnetic instability would result in moments along the c-axis, consistent with a recent observation under pressure [28] . Moreover, since the observed SSA can be qualitatively explained by the orbital structure, which is to a large extent ubiquitous to all iron-based superconductors, our result is consistent with the notion that the spin-reorientation transition in the pnictides [29, 30] arises from a competing magnetic instability that requires the presence of SOC [31] .
The strong SOC not only helps to reconcile the debate on the spin-orbital interplay, e.g., in driving the nematic order in FeSe [5] [6] [7] [8] [9] [10] , but might also give rise to novel superconductivity [32, 33] by mixing the spin-singlet and triplet Cooper-pairing channels. A consequence of such mixture is that Cooper pairs become more robust against applied magnetic fields [33] . We confirm an earlier report [34] of in-plane upper critical field H c2 in FeSe as large as 27 Tesla (see Supplementary Information), which exceeds or approaches the Pauli limit H p = 1.414 ∆ sc /g µ B (g: Landé g factor, taken to be 2 here; µ B : Bohr magneton) that amounts to 15.9 − 30.5 Tesla for reported ∆ sc values ranging from 1.3 to 2.5 meV [13, 23, 24] . It might not be a coincidence that a robust zero-energy bound state [35] , suggestive of topological superconductivity, was recently observed in Fe(Te,Se) which has even stronger SOC than FeSe [11] [12] [13] . 
